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ABSTRACT 
In regions of the megadiverse tropics where biodiversity information is scarce, species 

distribution models have become important tools for conservation. Use of models, generated 

individually, for many species or an entire fauna enables researchers to quantify measures of 

diversity through the use of a Presence-Absence Matrix (PAM). In this study we calculated two 

biodiversity indices (species richness and average locality range size) for 96 native Philippines 

amphibian species based on all globally available occurrence data from biodiversity 

repositories. We then investigated Philippine amphibian biodiversity patterns and examined how 

these patterns change in relation to the geological components of the archipelago (island 

groups), its many volcanic elevational gradients, and finally to the Philippine government 

protected areas. The results of our study suggest that the species richness peaks at intermediate 

elevation, a result consistent with recent field transect studies. The Mindanao and Luzon 

Pleistocene Aggregate Island Complexes have the highest species richness and are inhabited by 

species that on average have markedly large geographical ranges. The central portion of the 

geologically distinct Palawan Island (and, to a lesser extent, Mindoro Island) has high to 

intermediate species richness but is inhabited by species that have much smaller average 

geographical ranges. We are encouraged by a general congruence between Philippine protected 

areas and biodiversity areas of highest amphibian diversity, but we also note several 

geographical pockets of high amphibian diversity that currently are unprotected, as well as 

protected area coverage of low-diversity sites. This analysis, the first of its kind for any 

terrestrial vertebrate group in the Philippines, demonstrates the practical utility of PAM analysis 

of stacked distribution models, and Range-Diversity ordination for biogeographical studies, 

ecological applications, and conservation planning.  
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INTRODUCTION   
 

The spatially explicit study of biodiversity patterns has a range of both applied (Villalobos & 

Arita 2010; Villalobos et al. 2013) and more theoretical (Arita et al. 2008; 2011; Soberon & 

Ceballos 2011) implications for conservation of biological diversity. Seeking to identify and 

understand fundamental, reoccurring, and/or predictable patterns of species distributions, 

biogeographers have, in turn, posited hypotheses relating the distribution of biodiversity to 

geographical barriers, climatic variation, and ecological gradients (Wallace 1877, MacArthur 

1972, Brown 1995). The interaction of species’ ecology (biotic and abiotic environment, species 

interactions) and evolutionary history (range evolution, colonization history, evolutionary niche 

conservatism/lability) clearly influences the geographical patterns of biological diversity we 

observe today (Wines & Donoghue 2003; Graham et al. 2014, Peterson 2001). 

In this study, we investigated geographical patterns of species diversity in native Philippine 

amphibian species. Because of its geological history (with structured, well defined 

biogeographical regions centered on island groups with a known history of Pleistocene 

connectivity) and its numerous volcanic elevational gradients (that have led to repeated 

stratification of species into forest types and climate zones) this archipelago represents an 

excellent natural laboratory to test hypotheses concerning the origin, accumulation, and 

partitioning, of terrestrial vertebrate species (Dickerson 1928; Brown & Alcala 1970; Brown & 

Siler 2013; Brown et al. 2013, 2016). The current configuration of the archipelago (composed of 

both paleo-transported, accreted, landmasses, and former Pleistocene Aggregate Island 

Complexes [PAICs] that are now subdivided by shallow marine channels), its complex and 

highly variable climate, and its extreme altitudinal topographical heterogeneity (Adams and Pratt 

1911; Feliciano and Pelaez 1940; Rutland 1968; Hashimoto 1981a, 1981b; Auffenberg 1988; 
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Hall 1996; 1998) have all been implicated in studies that have sought to determine how and 

when terrestrial biodiversity arrived at, or originated in this unique archipelago (Inger 1854; 

Diamond & Gilpin 1983; Heaney 1986; Jansa et al. 2006; Esselstyn and Brown 2009; Esselstyn 

et al. 2009, 2011; Oliveros and Moyle 2010; Siler et al. 2012; Oaks et al. 2013).  

Approximately 118 described and 56 undescribed species are native to the archipelago 

(Brown et al. 2013; Diesmos et al. 2015); in this project, we modeled their geographical 

distributions and studied patterns of overlap in and range size for 96 native Philippine amphibian 

species (taxa for which sufficient occurrence data exist in biodiversity repository databases 

available in the public domain).  

We focused our efforts on accumulating occurrence data, generating biogeography- and 

phylogeny-informed (constrained to the geographical space accessible to the species) species 

distribution models (Peterson AT et al. 2011) and calculating two-biodiversity indices (species 

richness and average locality range size—the average size of the geographical ranges of all the 

species at a given site) which we visualized in a spatially explicit Presence/Absence Matrix 

(PAM) analysis. We interpret observed patterns in the context of geological history, climate 

patterns, and topological relief in the archipelago. In this paper we summarize the current 

knowledge of patterns of distribution in native Philippine amphibian fauna and ask how diversity 

and geographical range size are related to each other across archipelago. Our use of Range-

Diversity plots allow us identify unique amphibian-specific characteristics of the archipelago’s 

geography that have immediate conservation implications. Finally, we then examined 

congruence between the amphibian biodiversity the Philippine government protected area 

network; this exercise identifies several areas of diversity–protection mismatch, and deficiency 

that should become the focus of protected area establishment in the immediate future. 
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MATERIALS AND METHODS 

We developed species distribution models for each species (a total of 96 models) 

using Maxent (Phillips et al. 2006) via an extension to Quantum GIS 

(http://www2.qgis.org/en/site/), as follows. The occurrence data for this project were 

obtained from GBIF (http://www.gbif.org), the University of Kansas Herpetology 

database (http://collections.biodiversity.ku.edu/KUHerps/), and previously unpublished 

records from field notes, collections in Natural History of the Philippines and 

observations assembled by RMB and colleagues. We also used Google Earth to assign 

geographic coordinates to records from known localities that were not accompanied by 

coordinates in the original record, and verified and quality-controlled the points for each 

species by plotting them on geography and checking for consistency. We converted the 

csv files to shapefiles and reprojected the point shapefiles that were in WGS 1984 datum 

format to Asia South Equal Area Conic (EPSG: 102028).   

We used a set of 5 layers (2.5’ resolution) of climate data (max temperature of 

warmest month, min temperature of coldest month, annual precipitation, precipitation of 

wettest month and precipitation of driest month) that were clipped to island boundaries. A 

first set of shapefiles was created based on Pleistocene Aggregate Island Complex 

(PAIC) boundaries (Brown et al. 2013), and developed sets of masks limited to 

hypothesized accessible areas (Barve et al. 2011) that were customized for each species 

based on (1) PAIC boundaries, (2) distributions of sister-species relationships from 

numerous phylogenetic studies (see Broen et al. 2013 for review), and (3) known 

biogeographic barriers and zones of concentrated turnover of species’ distributions.  
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We posted the point shapefiles and climate data to LifeMapper and assembled the 

climate datasets using the Lifemapper plugin in QGIS (Cavner, Jeffery A. 2015). We then 

attributed shapefiles as holding presence, absence, and no data, and rasterized them to the 

exact resolution and extent of the climate data using GDAL. Points and corresponding 

masks were uploaded and the algorithm parameterized using the client library 

(https://github.com/qgis/QGIS-Web-Client). Next, we linked the points with the masks 

and posted the experiments to the grid-based computing facility with point ids, mask ids, 

scenario ids and algorithm parameters. The Maxent output grids (median values, ASCII 

formats) were reprojected and converted to GeoTiff format in QGIS. We enabled custom 

plugin dialog using the points for each layer to build adjusted least training presence 

thresholds (Peterson 2014) and convert the raw outputs to binary models.  

Finally, based on the ‘library’ of binary maps for each species, we converted the maps 

to a presence-absence matrix (PAM) using the Lifemapper plugin (Cavner 2015). We 

calculated species richness and average range size of species at each site across the 

country also using the Lifemapper plugin (Cavner 2015). These values were then linked 

to shapefiles and projected on to the archipelago’s geography. We explored the spatial 

relationships of PAICs (each of 7 major island groups that are now recognized as fauna 

regions), elevational relief (positions of major montane areas) to geographical 

concentrations of amphibian species diversity. We also examined the correspondence (or 

lack thereof) between amphibian biodiversity and Philippine national protected areas. 

Specifically, we ask (1) which Philippine faunal zones, situated on the various geological 

platforms of islands separated by shallow seas (PAICs), are home to the highest and 

lowest levels of endemic amphibian species diversity? (2) Which of the PAICs are home 
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to species with the largest and smallest ranges? (3) Are land-bridge islands like Palawan 

more or less diverse than oceanic islands? (4) How do areas of high amphibian species 

diversity spatially related to the major mountain ranges and volcanic peaks within the 

larger islands of the archipelago? (5) And finally, does the current Philippine government 

protected area network adequately include or coincide with the areas of highest 

amphibian diversity? 

RESULTS  

We created “M-constrained” (biogeographically- and phylogeny-informed) species 

distribution models for 96 native Philippine amphibian species with sufficient occurrence 

data (≥ 5 points). We excluded 30 species because they either have extremely small 

geographic distributions and/or are currently represented by too few unique occurrences.  

Future studies will include all species, once a more suitable method (under development; 

JS unpublished data) to model these species with extremely small ranges.  Species 

richness and the average range size were calculated for each 2.5’ (5 km2) pixel across the 

Philippines from the stacks of 96 individual binary (thresholded) species distribution 

models.  

Mapping these our biodiversity indices on geography of the archipelago allowed initial 

visualization of basic patterns. Qualitative assessment of emergent patterns readily 

provides resolution of several of research objectives. First, it is clear that the Mindanao 

PAIC, the largest island group situated at the southern extent of the archipelago (FIGURE 

1) is home to the highest concentrations of species diversity observed here. The largest 

island within the PAIC (Mindanao, itself) has multiple pockets of extremely high 

diversity, as do the islands that were connected to Mindanao at multiple times frames 
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during the Pleistocene (Bohol, Leyte and Samar islands; review: Brown and Diesmos 

2009). Smaller islands of the West Visayan PAIC (particularly the notoriously deforested 

Cebu Island; Brown & Alcala 1986; Supsup et al. in press), Mindoro Island, and islands of 

the Romblon PAIC (Romblon, Tablas, and Sibuyan; Siler et al. 2012) emerged as the least 

amphibian-diverse areas in our study. Finally, perhaps surprisingly, although the Luzon 

and Palawan PAICs are large and topographically complex, these faunal regions possessed 

mixed patterns: areas of extremely low diversity (such as the Cagayan River Valley of 

north Luzon, the west coast, Pampanga Plains, and Zambales Mountains; Brown et al. 

1996; Devan-Song and Brown 2012), combined with pockets of moderate to high 

amphibian diversity. The latter included the northern Cordillera Mountain Range 

[Diesmos et al. 2004; Brown et al. 2012], the entirety of the east coast Sierra Madre 

Mountain Range [Brown et al. 2013], and in particular, the area of their intersection (the 

Caraballo Mountains and central east coast Aurora Province area) where herpetological 

faunal studies have previously noted high levels of species diversity (Brown et al. 2000; 

Siler et al. 2011). 

Qualitatively, there are correspondence between montane areas, and regions of 

particularly high species diversity (FIGURES 1A, 1B). Relating species richness to 

elevations showed that species richness is highest at higher elevation. We investigated this 

relationship by plotting the species richness values against the elevation. Via this 

manipulation, we could discern that high species richness (25–30 species at a given site) is 

concentrated in central Palawan, in the Cordillera Mountain Range of northern Luzon, in 

the Sierra Madre Mountain Range of northern Luzon, and the highlands of Mindanao and 

several islands of the Mindanao |PAIC (Bohol, Leyte, Samar, and Basilan) and that 
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highest species richness occurs at intermediate elevations. More moderate, or intermediate 

levels of species richness (10–15 species) is found in islands of the Western Visayas PAIC 

(e.g., southern Negros, Panay) Mindoro Island, several islands of the Luzon PAIC 

(Marinduque, Polillo, Masbate islands) and the Bicol Peninsula of southeastern Luzon. 

The rest of islands are associated with low species richness (FIGURE 1A).  

As expected some of the smallest ranges (1583-33009 km2) observed were 

concentrated on small islands, like Tawi Tawi, Jolo, Calayan, Batanes Islands, the 

Babuyan Islands, and many other small islands. However, exceedingly small species 

ranges also occurred on large islands like Palawan and also in northeastern and central 

Luzon (i.e., the Cagayan River Valley lowlands between the Sierra Madre and Cordillera 

ranges). The next-smallest average local range sizes (33099- 64436 km2) were on Negros, 

Cebu, Panay, Masbate, Mindoro, and Polillo, all islands with some degree of isolation, 

and the Sierra Madre and Cordillera ranges. In contrast, the species with the largest 

geographical ranges observed in this study the residents of the Mindanao PAIC (Samar, 

Leyte, Bohol, and parts of Mindanao Island; FIGURE 1C).   

We observed correspondence between high species richness and large average 

locality range size: throughout the archipelago, regions with higher species richness 

coincidenced geographically with taxa having larger average range. We also note cases of 

non-correspondence or difference between the two biodiversity indices: particularly in 

central Palawan which exhibits intermediate species richness but composed of species 

with small average locality range size. Similarly, the islands of Mindoro, Western 

Visayas (e.g., Negros, and Masbate) Marindeque Island and coastal regions all exhibit 

low species richness, but contain taxa with intermediate sized geographical ranges. A 
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unique mismatch was observed on Cebu Island, which shows low species richness of taxa 

with large average geographical ranges. Finally, Bohol was found to possess high species 

richness in the higher elevation areas of the southern parts of the island but the remaining 

portions of island have low diversity, composed of taxa occupying wide geographic 

distributions (FIGURES 1A, 1C).  

Our range-diversity projections (RD) proved useful for exploring the relationship 

between species richness and the average locality range size. This allowed for the 

identification of emergent properties: biogeographically anomalous regions, geographical 

areas, or entire islands characterized by unique combinations of varying levels of species 

richness and average locality range size. The regions with highest species richness and 

largest average locality range sizes fall in the Mindanao PAIC: Mindanao Island itself, 

southern Bohol, Samar, Leyte and Basilan.  The regions with low to intermediate species 

richness and also low average locality range sizes are in central Palawan, parts of central 

Luzon, northern Romblon Island, and the Pampanga Plains of Luzon. The areas with the 

lowest species richness but composed of taxa with the largest geographical ranges the 

amphibians of northern Palawan, the northwest coast of Luzon, part of the Bicol 

Peninsula of Luzon, and Metro Manila, including Batagas and Cavite (FIGURE 2).  

Our results demonstrate that areas of high levels of amphibian biodiversity coincide 

reasonably well with Philippine protected areas; however, a few regions have high 

species richness (and average locality range size) and occur outside of protected areas.  

These include cases unique and in some cases reasonably well forested areas such as the 

entire central highlands of Leyte Island, the majority of the mountainous Zamboanga 

Peninsula, southern portions of the Cordillera Mountain Range of Luzon (e.g., north of 
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Sagada), the expansive southeast “Cotobato Coast” of Mindanao, and mountains along 

the northern coast of Mindanao. Finally, we note instances of protected regions that do 

not coincide with high species richness or the average locality range size. The most 

obvious areas that fall into this category are northern Palawan and the Batanes Islands 

(FIGURE 3).  

DISCUSSION 
 

 Our analysis results in the first geographically explicit, quantitative 

characterization of Philippine amphibian megadiversity, generated from stacked 

distribution models and a presence-absence matric (PAM) analysis. To the best of our 

knowledge, ours is the first study to quantitatively describe the archipelago’s spatial 

amphibian biodiversity patterns (but see Taylor 1928; Inger 1954) and make use of the 

Philippine amphibian occurrence records (see Diesmos et al. 2015 for occurrence dot 

maps of all the species, generated from ≥ 40,000 individual specimen records) associated 

with specimens in biodiversity repositories serving their data in the public domain. With 

our models individually M-defined to project species distributions into the biologically 

realistic geographical space accessible to each species (informed by PAIC-level geology, 

within-PAIC biogeographical information, and a synthesis of information on the 

evolutionary history and phylogenetic relationships of Philippine amphibians; see Brown 

et al. 2013 for review), we are confident of their accuracy (biological relevance) and 

precision (generated uniformly and, thus, comparable), at least for the for the purposes of 

identifying general patterns and trends in the distribution of the archipelago’s 

amphibians. 
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We explored Philippine amphibian species diversity in terms of the archipelago’s 

species richness, spatially, as modeled and quantified across cells of our presence-

absence matrix, and then estimated size of the geographical distribution (average locality 

range size) of each species in each cell of the PAM. Relating these two indices to one 

other in our Range-Diversity plots, quantitatively provides a unique new perspective on 

several spatial biodiversity patterns that remain prevalent topics in the literature relating 

to the country’s terrestrial biodiversity.  

For example, biogeographers have long known that the southern Philippines is home 

exceptionally high levels of herpetological diversity (Taylor 1928; Inger 1954; Leviton 

1963, Brown & Alcala 1970, 1994; see Sanguila et al., in press, for review). The 

knowledge, emphasized in early summaries of the archipelago’s biodiversity (Dickerson 

1928; Inger 1954) contributed to the perspective of the Philippines as a “fringing 

archipelago,” in which faunal elements and colonized its chains of islands in a south-to-

north manner, reaching only as far as their powers of dispersal would allow (Inger 1954; 

Brown & Alcala 1970; Diamond & Gilpin, 1983). Under this view of the archipelago, 

biogeographers reasoned that the southern islands of the Philippines held such 

exceptional levels of diversity as a result of proximity to a large source area, namely the 

islands of the Sunda Shelf with the large island of Borneo as the primary source for 

dispersal into the Philippines in an island-hopping manner or across land bridges during 

glacial expansions of polar ice caps and lowering of global sea levels (Inger 1954; 

Heaney 1986). Bolstered by taxonomic evidence and close inferred relationships with 

Bornean taxa, this view prevailed (Taylor 1928; Inger 1954; Brown & Alcala 1970) and 

arguably still has merit.  However, the simple fringing-archipelago model did not include 
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consideration of the evolution of species within the confines of the archipelago (in situ 

speciation) nor did it account for non-linear, two-way (e.g., including north-to-south) 

colonization, which has since been documented in some groups (Esselstyn et al. 2010; 

Linkem et al. 2013); the idea may have also predisposed biogeographers to view the 

northern Philippines as somewhat faunistically “depauperate”—an outcome that may 

have self-perpetuated as field biologists opted not to expend time and resources surveying 

the perceived low-diversity forests of the north (see discussion in Brown et al. 2013a, 

2013b).  As more literature (and vouchered specimen associated species occurrences) 

based on fieldwork in these areas become available, we have begun to recognize some 

hotspots of northern Philippine species diversity (Brown et al. 2000, 2013a; Diesmos et 

al. 2004; McLeod et al. 2011; Siler et al. 2011)—all of which have been confirmed here 

(FIGURE 1A). 

Another prevalent biogeographical trend confirmed and informed by our analysis 

relates to areas of exceeding low species diversity. A number of areas associated with the 

lowest estimated species diversity in archipelago represent biologically significant, 

environmental barriers for amphibians. The north-central Cagayan Valley of Luzon, the 

Pampanga Plains of Luzon, the northeast coast of Luzon, and parts of the Zambales 

Mountains (broad blue areas in FIGure 1A) are exceedingly arid, and some have been 

historically been devoid of forests, with natural dry savannas (Heaney 1991). Other 

noticeable pockets of low species diversity may be real, but may also represent artifacts 

of inadequate sampling effort. Western Mindoro, Eastern Panay, northern Bohol, and 

northern Negros are each noticeably less diverse than the alternate side of each landmass 

(FIGure 1A), but no biodiversity survey work has been conducted in these areas whereas 



	  
	  

12	  

their more diverse halves have been the subject of intensive biodiversity survey work 

(Brown & Alaca 1961, 1964, 1986; Ferner et al. 2001; RMB, unpublished data). Finally, 

some areas of low predicted diversity like the northern and southern extremes of 

Palawan, and all of Cebu Island have been understudied and may be undersampled, but 

also are known for their arid environmental conditions combined with early and complete 

removal of their forests (Boulenger 1894; Inger 1954; Brown & Alcala 1986; Supsup et 

al., in press). It remains possible that some patterns elucidated here are artifacts of 

deforestation. 

Consideration of the extremes of the bivariate distribution of points (our PAM’s 5 

km2 cells) in our range-diversity plots bounds and defines the full range of amphibian 

communities we encounter in the Philippines. From areas of low to moderate species 

richness but exceedingly small geographical ranges of included species (portions of 

central Palawan, east Luzon coastal areas, the southern extreme of the Cagayan Valley of 

Luzon; FIGURE 2A) at one extreme, to areas of the archipelago’s highest species richness 

of species with moderately sized ranges (primarily the montane forests of the Mindanao 

PAIC islands; FIGURE 2B), to the opposite extreme of sites with extremely low species 

diversity, and composed of species with exceedingly large ranges (northern portions of 

the Cagayan Valley, the Pampanga Plains, the northern and southern tips of Palawan, and 

coastal areas throughout the central West Visayan PAIC islands; FIGURE 2D), our RD 

plots confirm biologically meaningful, empirical observations from the literature and 

several generations of field biologists with extensive experience across the archipelago 

(Taylor 1928; Inger 1954; Leviton 1963; Brown & Alcala 1970; Brown et al. 2013b; 

RMB, personal communications with A. C. Alcala, A. C. Diesmos, A. Leviton, W. C. 
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Brown, J. W. Ferner, and C. D. Siler). At the intersection of these extremes, the much of 

the archipelago is composed of sites that exhibit moderate species diversity and moderate 

average geographical range size. These portions of the archipelago including the 

mountains of Luzon and its Bicol Peninsula, the island of Mindoro, West Visayan PAIC 

islands, and the lowlands of Mindanao (FIGURE 2C). 

An interesting pattern is revealed by identifying the Luzon PAIC range-diversity plot 

points (PAM cells) versus the Mindanao PAIC data. These two major PAICs, and 

extremes of the geographical configuration of the archipelago, possess fundamentally 

different patterns of amphibian diversity as depicted in our RD plots (FIGURE 4). 

Although the Mindanao PAIC possesses the highest diversity measures recorded here 

while dominating the larger proportional range size realm of the RD extent of variation, 

Luzon uniquely is associated with lower-to-moderate species richness, but smaller 

proportional range size region of our RD extent of variation (but see unique “crescent” of 

sites representing Palawan; FIGURE 4). We predict that the additional ~30 species 

excluded from our study because they were represented by ≤ 5 occurrences, will occupy a 

unique realm of RD plot space (FIGURE 4). These are the species from moderately diverse 

amphibian communities, with microendemic mountaintop distributions on Luzon  

(Diesmos 1998; Diesmos et al. 2004; Brown et al. 2000, 2012, 2013a; McLeod et al. 

2011; Siler et al. 2011). 

Our interests in biodiversity patterns of amphibians in island archipelagos are not 

limited to questions of spatial biodiversity and quantitative metrics studied here. Rather, 

we emphasize that the applied conservation value (Villalobos & Arita 2010; Villalobos et 

al. 2013; Soberón & Ceballos 2011) of such studies can be utilized to inform 
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conservation management, protected area establishment, and priority-setting decisions. 

Range-diversity plots can serve as a useful tool in a variety of ways (Villalobos et al. 

2013) and here we have made initial progress in the exploration of empirical distribution 

patterns of Philippine amphibians. We take from this exercise several practical 

guidelines: (A) protected areas (FIGURE 3B) in the southern portions of archipelago (the 

Mindanao PAIC islands) are particularly important for maximally preserving sheer 

numbers of amphibian species; (B) Palawan (and most likely the volcanoes of southern 

Luzon), the entirety of which is a protected area on paper, but which is the focus of large 

scale commercial, government sanctioned mining operations, is a high-value target for 

preservation of sites with moderate endemic diversity, and species with small 

geographical ranges; (C) The Islands of the West Visayan PAIC, the Bicol Peninsula of 

Luzon, and Mindoro represent moderate priorities for protected area establishment in that 

they possess lower to moderate levels of species richness, and are home to species with 

moderate range sizes, Lastly, our results also indicate that most Philippine government 

protected areas have high to intermediate values of two biodiversity indices, reflecting 

their positive potential to preserve diverse endemic amphibian species assemblages. 

Exceptions exist, in both “over-protected” (protected areas in low-diversity central 

Mindoro, northern Palawan, and southwest Luzon) and “under-protected” ends of the 

spectrum (highly diverse areas lacking legal protection: highlands of Leyte Island, and 

the mountains of northeast Mindanao, northeast Luzon), but the current protected areas 

network of the Philippine government has great potential to maximally preserve 

Philippine amphibian species diversity if the enclosed forests are actually protected and 

laws aimed at curtailing unsustainable harvest of forest products are actually enforced. 
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FIGURES 
 

 
FIGURE 1. Geography of Philippine amphibian species diversity, as characterized by stacked species 
distribution models, compiled by a presence/absence matrix (PAM) analysis.  (A) Species richness for 85% of 
the amphibian fauna (n=96 species for which ≥ 5 occurrences were available); warmer colors indicate higher 
diversity (key); (B) elevational gradients, for comparison, depicted by increasingly dark shading with high 
elevation; and (C) PAM-mean range size, with warner colors indicating species with larger geographical 
ranges (key). 
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FIGURE 2. Range-diversity (RD) plot for Philippine amphibians, depicting variation in species diversity and 
modeled geographical range size per 5X5 km cell grid, plotted across the archipelago. Extremes of the RD 
plot space (boxes A–D) are highlighted (see maps) to show corresponding distribution characteristics. 
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FIGURE 3. Species richness (A) juxtaposed with (B) current protected area network of the Philippines 
government (http://www.protectedplanet.net) and the average range size of species (C) at a given locality (PAM 
grid cell, 5 km2). 
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FIGURE 4. Range-Diversity plots for Luzon versus Mindanao Pleistocene Aggregate Island Complex (PAIC; 
Brown & Diesmos, 2002, 2009) presence-absence matrix (PAM) analysis of amphibian species diversity. In 
the upper panel, the ellipse enclosing a question mark (“?”) indicates the approximate position of ~30 species 
excluded from our analysis due to insufficient numbers of unique sites records (≤ 5 occurrences); the majority 
of these are the microendemic mountain-top frogs of the volcanoes of Luzon, a distinct portion of the 
archipelago’s amphibian fauna which we predict will be shown to occur in areas with moderate to high 
species richness, but low average proportional range sizes (see Discussion).  

 
 
 



	  
	  

19	  

REFERENCES 
 
Adams, G. I., and W. E. Pratt. "Geological reconnaissance of southeastern Luzon." 

Philippine J. Sci 6 (1911): 449-480. 
 
Arita, Héctor T., J. Andrés Christen, Pilar Rodríguez, and Jorge Soberón. "Species diversity 

and distribution in presence-absence matrices: mathematical relationships and biological 
implications." The American Naturalist 172, no. 4 (2008): 519-532. 

 
Arita, Héctor T., Andrés Christen, Pilar Rodríguez, and Jorge Soberón. "The presence–

absence matrix reloaded: the use and interpretation of range–diversity plots." Global 
Ecology and Biogeography 21, no. 2 (2012): 282-292. 

 
Auffenberg, Walter. Gray's monitor lizard. University Press of Florida, 1988. 
 
Barve, Narayani, Vijay Barve, Alberto Jiménez-Valverde, Andrés Lira-Noriega, Sean P. 

Maher, A. Townsend Peterson, Jorge Soberón, and Fabricio Villalobos. "The crucial role 
of the accessible area in ecological niche modeling and species distribution modeling." 
Ecological Modelling 222, no. 11 (2011): 1810-1819. 

 
Brown, James H. Macroecology. University of Chicago Press, 1995. 
 
Brown, James H. "Why are there so many species in the tropics?." Journal of Biogeography 

41, no. 1 (2014): 8-22. 
 
Brown, Walter C., and Angel C. Alcala. The zoogeography of the herpetofauna of the 

Philippine Islands, a fringing archipelago. California Academy of Sciences, 1970. 
 
Brown, Walter C. Alcala. Philippine frogs of the family Rhacophoridae. No. 59 CAL. 1994. 
 

Brown, Rafe M. "Robert F. Inger’s systematics and zoogeography of Philippine Amphibia." 
Systematics and zoogeography of Philippine Amphibia. Kota Kinabalu, Malaysia: Natural 
History Publications (2007): 1-17. 

 
Brown, R. M. and A. C. Diesmos.  2009.  Philippines, Biology.  Pp. 723–732 In: Gillespie, 

R., and D. Clague (Eds.).  Encyclopedia of Islands.  University of California Press, 
Berkeley. 

 
Brown, Rafe M., Cameron D. Siler, Carl H. Oliveros, Jacob A. Esselstyn, Arvin C. Diesmos, 

Peter A. Hosner, Charles W. Linkem et al. "Evolutionary processes of diversification in a 
model island archipelago." Annual Review of Ecology, Evolution, and Systematics 44 
(2013): 411-435. 

 
Brown, Rafe M., and Cameron D. Siler. "Spotted stream frog diversification at the 

Australasian faunal zone interface, mainland versus island comparisons, and a test of the 



	  
	  

20	  

Philippine ‘dual-umbilicus’ hypothesis." Journal of Biogeography 41, no. 1 (2014): 
182-195. 

Brown, Rafe M., Yong-Chao Su, Brenna Barger, Cameron D. Siler, Marites B. Sanguila, 
Arvin C. Diesmos, and David C. Blackburn. "Phylogeny of the island archipelago frog 
genus Sanguirana: Another endemic Philippine radiation that diversified ‘Out-of-
Palawan’." Molecular phylogenetics and evolution 94 (2016): 531-536. 

 
Brown, R. M., J. W. Ferner, R. V. Sison, P. C. Gonzales, and R. S. Kennedy.  1996.  

Amphibians and reptiles of the Zambales mountains of Luzon Island, Philippines.  
Herpetological Natural History 4:1–17. 

 
Brown, R. M.,  J. A. McGuire, J. W. Ferner, N. Icarangal, Jr., and R. S. Kennedy.  2000.  

Amphibians and reptiles of Luzon Island, II: preliminary report on the herpetofauna of 
Aurora Memorial National Park, Philippines.  Hamadryad 25:175–195. 

 
Brown, R. M., C. H. Oliveros, C. D. Siler, J. B. Fernandez, L. J. Welton, P. A. C. 

Buenavente, M. L. D. Diesmos, and A. C. Diesmos.  2012.  Amphibians and Reptiles of 
Luzon Island (Philippines), VII: Herpetofauna of Ilocos Norte Province, Northern 
Cordillera Mountain Range.  Check List 8:469–490. 

 
Brown, R. M., C. D. Siler, C. H. Oliveros, L. J. Welton, A. Rock, J. Swab, M. Van Weerd, J. 

van Beijnen, E. Jose, D. Rodriguez, E. Jose, and A. C. Diesmos. 2013.  The amphibians 
and reptiles of Luzon Island, Philippines, VIII: the herpetofauna of Cagayan and Isabela 
Provinces, northern Sierra Madre Mountain Range. Zookeys 266:1–120. 

 
Brown, Rafe M., Cameron D. Siler, Carl H. Oliveros, Luke J. Welton, Ashley Rock, John 

Swab, Merlijn Van Weerd et al. "The amphibians and reptiles of Luzon Island, 
Philippines, VIII: the herpetofauna of Cagayan and Isabela Provinces, northern Sierra 
Madre mountain range." ZooKeys 266 (2013): 1. 

 
Brown, Rafe M., Cameron D. Siler, Carl H. Oliveros, Jacob A. Esselstyn, Arvin C. Diesmos, 

Peter A. Hosner, Charles W. Linkem et al. "Evolutionary processes of diversification in a 
model island archipelago." Annual Review of Ecology, Evolution, and Systematics 44 
(2013): 411-435. 

 
Brown W. C., Alcala A. C. 1986. Comparison of the herpetofaunal species richness on 

Negros and Cebu Islands, Philippines. Silliman J, 33: 74–86. 
 

Brown, Walter C., and Angel C. Alcala. The zoogeography of the herpetofauna of the 
Philippine Islands, a fringing archipelago. California Academy of Sciences, 1970.  

Boulenger, George Albert. "XIV.—On the herpetological fauna of Palawan and Balabac." 
Journal of Natural History 14, no. 80 (1894): 81-89. 

 



	  
	  

21	  

Connell, J. H. "On the role of natural enemies in preventing competitive exclusion in some 
marine animals and in rain forest trees, Dynamics of Population." Ed. PJ Den Boer and 
GR Gradwell. Wageningen: Pudoc (1970). 

 
Cavner, Jeffery A. "Adding Phylogenies to QGIS and Lifemapper." OSGeo Journal 14, no. 1 

(2015): 19-28. 
 
Diesmos, A. C. "The amphibian faunas of Mt. Banahao, Mt. San Cristobal, and Mt. 

Maquiling, Luzon Island, Philippines." Unpublished MS thesis, University of the 
Philippines at Los Baños, College, Laguna, Philippines (1998). 

 
Diesmos, A. C., R. M. Brown, and G. V. A. Gee.  2004.  Preliminary report on the 

amphibians and reptiles of Balbalasang-Balbalan National Park, Luzon Island, 
Philippines.  Sylvatrop, Technical Journal of Philippine Ecosystems and Natural 
Resources 13:63–80. 

 
Devan-Song, A., and R. M. Brown.  2012. Amphibians and Reptiles of Luzon Island, 

Philippines, VI: the Herpetofauna of the Subic Bay Area.  Asian Herpetological Research 
3:1–20. 

 
Diamond, Jared M., and Michael E. Gilpin. "Biogeographic umbilici and the origin of the 

Philippine avifauna." Oikos (1983): 307-321. 
 
Dickerson, Roy Ernest, Elmer Drew Merrill, Richard Crittenden McGregor, Willie Schultze, 

Edward Harrison Taylor, and Albert William Herre. Distribution of life in the Philippines. 
No. 21. Bureau of Printing, 1928. 

 
Diesmos, Arvin C., Jessa L. Watters, Nicholas A. Huron, Drew R. Davis, Angel C. Alcala, 

Ronald I. Crombie, Leticia E. Afuang et al. "Amphibians of the Philippines, Part I: 
Checklist of the Species." 

 
Esselstyn, Jacob A., Robert M. Timm, and Rafe M. Brown. "Do geological or climatic 

processes drive speciation in dynamic archipelagos? The tempo and mode of 
diversification in Southeast Asian shrews." Evolution 63, no. 10 (2009): 2595-2610. 

 
Esselstyn, Jacob A., Carl H. Oliveros, Robert G. Moyle, A. Townsend Peterson, Jimmy A. 

McGuire, and Rafe M. Brown. "Integrating phylogenetic and taxonomic evidence 
illuminates complex biogeographic patterns along Huxley’s modification of Wallace’s 
Line." Journal of Biogeography 37, no. 11 (2010): 2054-2066. 

 
Esselstyn, Jacob A., Sean P. Maher, and Rafe M. Brown. "Species interactions during 

diversification and community assembly in an island radiation of shrews." PLoS One 6, 
no. 7 (2011): e21885. 

 
Feliciano, J., and V. Pelaez. "Pleistocene orogenic movements in the Philippine Islands." 

Proc. 6th Pacific. Sci. Congr 2 (1940): 811-814. 



	  
	  

22	  

 
Ferner, John W., Rafe M. Brown, Rogelio V. Sison, and Robert S. Kennedy. "The 

amphibians and reptiles of Panay Island, Philippines." Asiatic Herpetological Research 9 
(2001): 34-70. 

 
Hall, Robert. "Reconstructing Cenozoic SE Asia." Geological Society, London, Special 

Publications 106, no. 1 (1996): 153-184. 
 
Hashimoto, Wataru. "Geologic development of the Philippines." Geol Paleontol SE Asia 22 

(1981): 83-170. 
 
Heaney, Lawrence R. "Biogeography of mammals in SE Asia: estimates of rates of 

colonization, extinction and speciation." Biological journal of the Linnean Society 28, no. 
1-2 (1986): 127-165. 

 
Heaney, Lawrence R. "A synopsis of climatic and vegetational change in Southeast Asia." 

Climatic change 19, no. 1-2 (1991): 53-61. 
 
Jansa, Sharon A., F. Keith Barker, and Lawrence R. Heaney. "The pattern and timing of 

diversification of Philippine endemic rodents: evidence from mitochondrial and nuclear 
gene sequences." Systematic Biology 55, no. 1 (2006): 73-88. 

 
Janzen, Daniel H. "Herbivores and the number of tree species in tropical forests." American 

naturalist (1970): 501-528. 
 
Leviton, Alan E. Remarks on the zoogeography of Philippine terrestrial snakes. 1963. 
 
Linkem, Charles W., Rafe M. Brown, Cameron D. Siler, Ben J. Evans, Christopher C. 

Austin, Djoko T. Iskandar, Arvin C. Diesmos, Jatna Supriatna, Noviar Andayani, and 
Jimmy A. McGuire. "Stochastic faunal exchanges drive diversification in widespread 
Wallacean and Pacific island lizards (Squamata: Scincidae: Lamprolepis smaragdina)." 
Journal of Biogeography 40, no. 3 (2013): 507-520. 

 
Inger R. F. Systematics and zoogeography of Philippine Amphibia. Fieldiana, 33(4):181 – 

531. 
 
MacArthur, Robert H. Geographical ecology: patterns in the distribution of species. 

Princeton University Press, 1972. 
Mcleod, David S., Cameron D. Siler, Arvin C. Diesmos, M. L. D. Diesmos, Vhon S. Garcia, 

Angela O. Arkonceo, Kelvin L. Balaquit et al. "Amphibians and reptiles of Luzon Island, 
V: the herpetofauna of Angat Dam Watershed, Bulacan Province, Luzon Island, 
Philippines." Asian Herpetological Research 2011 (2011): 177-198. 
 

Oaks, Jamie R., Jeet Sukumaran, Jacob A. Esselstyn, Charles W. Linkem, Cameron D. Siler, 
Mark T. Holder, and Rafe M. Brown. "EVIDENCE FOR CLIMATE-DRIVEN 



	  
	  

23	  

DIVERSIFICATION? A CAUTION FOR INTERPRETING ABC INFERENCES OF 
SIMULTANEOUS HISTORICAL EVENTS." Evolution 67, no. 4 (2013): 991-1010.  

 
Oliveros, Carl H., and Robert G. Moyle. "Origin and diversification of Philippine bulbuls." 

Molecular Phylogenetics and Evolution 54, no. 3 (2010): 822-832. 
 
Peterson, A. Townsend. "Predicting SPECIES'Geographic Distributions Based on Ecological 

Niche Modeling." The Condor 103, no. 3 (2001): 599-605. 
 
Peterson, A. Townsend. Ecological niches and geographic distributions (MPB-49). No. 49. 

Princeton University Press, 2011. 
 
Peterson, A. Townsend. Mapping disease transmission risk: enriching models using 

biogeography and ecology. JHU Press, 2014. 
 
Rutland, Rupert William Roye. "A tectonic study of part of the Philippine fault zone." 

Quarterly Journal of the Geological Society 123, no. 1-4 (1967): 293-323. 

Siler, Cameron D., Jamie R. Oaks, Luke J. Welton, Charles W. Linkem, John C. Swab, Arvin 
C. Diesmos, and Rafe M. Brown. "Did geckos ride the Palawan raft to the Philippines?." 
Journal of Biogeography 39, no. 7 (2012): 1217-1234. 

Siler, C. D., L. J. Welton, J. M. Siler, J. Brown, A. Bucol, A. C. Diesmos, and R. M. Brown.  
2011.  Amphibians and Reptiles, Luzon Island, Aurora Province and Aurora Memorial 
National Park, Northern Philippines: New island distribution records.  Check List 7: 182–
195. 

Siler, C. D., J. C. Swab, C H. Oliveros, A. C. Diesmos, L. Averia, A. C. Alcala, and R. M. 
Brown.  2012.  Amphibians and reptiles, Romblon Island Group, central Philippines: 
comprehensive herpetofaunal inventory.  Check List 8: 443–462. 

Soberón, Jorge, and Gerardo Ceballos. "Species richness and range size of the terrestrial 
mammals of the World: biological signal within mathematical constraints." PloS one 6, 
no. 5 (2011): e19359.  

 
Supsup, C., N. M. Puna, A. A. Asis, B. R. Redoblado, M. F. G. Panaguinit, F. M. Guinto, E. 

B. Rico, A. C. Diesmos, R. M. Brown, and N. A. Mallari. In press. Amphibians and 
reptiles of Cebu, Philippines: the poorly understood herpetofauna of an island with very 
little remaining natural habitat. Asian Herpetological Research. 

 
Taylor, E. H. "Amphibians, lizards, and snakes of the Philippines." Distribution of life in the 

Philippines (1928): 214-241. 

Villalobos, Fabricio, and Héctor T. Arita. "The diversity field of New World leaf-nosed bats 
(Phyllostomidae)." Global Ecology and Biogeography 19, no. 2 (2010): 200-211. 



	  
	  

24	  

Villalobos, Fabricio, Andrés Lira-Noriega, Jorge Soberón, and Héctor T. Arita. "Range–
diversity plots for conservation assessments: Using richness and rarity in priority setting." 
Biological conservation 158 (2013): 313-320.  

Villalobos, Fabricio, Ricardo Dobrovolski, Diogo B. Provete, and Sidney F. Gouveia. "Is rich 
and rare the common share? Describing biodiversity patterns to inform conservation 
practices for South American anurans." PloS one 8, no. 2 (2013): e56073. 

Wallace, Alfred Russel. "Wallace's Geographical Distribution of Animals." (1877): 232-238. 

Wiens, John J., and Michael J. Donoghue. "Historical biogeography, ecology and species 
richness." Trends in ecology & evolution 19, no. 12 (2004): 639-644. 

 


